Cerebral blood flow (CBF) responses to two types of isocapnic hypoxia, hypoxic hypoxia (HH) and carbon monoxide hypoxia (COH), were examined in seven unanesthetized adult sheep by the radiolabeled mi crosphere technique. Comparisons were made with new born lambs (5-12 days old) previously studied under sim ilar conditions. The arterial Oz content (CaO Z ) was re duced in a graded manner to 50-60% of the control value. During HH, CBF increased to maintain cerebral 07 de livery (CaOZ x CBF) in both adults and newborns; however, cerebral Oz uptake (CMROz) did not change. Although CMROz was higher in newborns, the responses of CBF/ CMROz to HH did not differ significantly in newborns and adults. In newborns, regional CBF showed that brainstem areas were particularly responsive to HH. In both age groups, CBF increased to a greater extent with COH than with HH for similar reductions in Cao2• This
resulted in an increase in cerebral O2 delivery with COHo The degree to which COH differed from HH correlated with the magnitude of the leftward shift of the oxyhe moglobin dissociation curve that accompanies COHo In adults, CMR02 fell by 16% with COH but was maintained in newborns. We conclude that maintenance of cerebral O2 delivery during acute, isocapnic HH is a property of CBF regulation common to both newborn and adult sheep. During COH, the position of the oxyhemoglobin dissociation curve is an additional factor that sets the level of Oz delivery. The fetal conditions of low CP2 and a left-shifted oxyhemoglobin dissociation curve may have provided the newborn with a microcirculation better suited for maintaining CMR02 during COHo Key Words: Carbon monoxide hypoxia-Cerebral blood flow-Hy poxic hypoxia-Neonates-Oxygen delivery-Oxyhe moglobin dissociation curve.
bral 02 delivery depends on CMR02, the response to hypoxia also depends, ultimately, on CMR02.
We and others have shown that CMR02 changes during brain development (Himwich and Fazekas, 1941; Kennedy and Sokoloff, 1957; Purves and James, 1969; Kennedy et aI., 1972; Settergren et aI., 1976; Jones, 1979) . In the lamb, for example, CMR02 is higher than in adult sheep (Rosenberg et aI., 1982) . In the current study we compared cere bral O2 delivery and CBF response to HH in lambs and adult sheep to test the hypothesis that changes in CMR02 during brain development have the same implications as do differences in CMR02 among species.
A second goal of the present study was to com pare acute HH with acute carbon monoxide hy poxia (COH) in the adult sheep and to compare these data with previous results in the lamb. In our previous study on the newborn lamb, we showed that COH with a normal arterial P02 produced a response different from that in HH . For an equivalent fall in oxyhemoglobin sat uration, the CBF response was larger with COH and the difference increased as the hypoxia became more severe. The exaggerated CBF response in COH was sufficient to cause a rise in cerebral O2 delivery. This was particularly obvious when the behavior of the cerebral fractional O2 extraction, defined as the ratio of CMR02 to cerebral O2 de livery, was compared in COH and HH. The frac tional O2 extraction fell in a graded manner with progressive COH because O2 delivery rose while CMR02 remained unchanged. In HH, in contrast, both CMR02 and cerebral O2 delivery remained es sentially constant. In the present study we tested whether these relationships found in the newborn lamb also hold in the adult sheep.
METHODS

Experimental preparation
Seven sheep of mixed breed and sex at least 2 years of age were studied. The preparation was comparable to that used in newborn and fetal lambs (Jones et aI., 1978; Koehler et aI., 1982) in that the animals were studied in the unanesthetized state, CBF was measured by the ra diolabeled microsphere technique, and cerebral venous blood samples were obtained from the sagittal sinus.
One day before the study, the sheep were premedicated with atropine sulfate (0.05 mg/kg, i.m.) and anesthetized with halothane. Catheters were implanted under halo thane anesthesia as follows. For the injection of micro spheres, a catheter was advanced into the left ventricle from either an axillary or femoral artery. The microsphere reference withdrawal sample was obtained from a cath eter positioned in the subclavian artery via an axillary artery. A femoral arterial catheter was used for arterial blood sampling and pressure measurements. A burr hole was drilled over the midline of the skull 15-20 mm an terior to the lambdoid suture. A catheter was inserted into the superior sagittal sinus and advanced 1 cm posteriorly. The positions of all the catheters were checked at au topsy. The catheters were routed exteriorly through the wool to a pouch attached to the animal's flank. Penicillin and streptomycin were administered intramuscularly.
Measurements
Arterial and sagittal sinus O2 contents were measured with a Lex-02-Con (Lexington Instruments), and P02, Pco2, and pH were measured by a radiometer BMS3 system. The P 5 0 of the oxyhemoglobin dissociation curve (50% O2 saturation of non-CO-bound sites) was calcu lated by the single-point method for cerebral venous blood (Ledwith, 1978) using a Hill coefficient of 2.58 and a Bohr factor of 0.44 to standardize to a pH of 7.40. Arterial blood pressure was measured with a Statham pressure transducer.
Regional CBF was measured with 15 ± 3 ILm diameter micro spheres labeled with one of four isotopes: 141Ce, 113Sn, 8 5 Sr, or 46SC (3M and New England Nuclear) . Ap proximately 4 x 106 microspheres were injected into the left ventricle for each determination. The arterial reference sample was collected at a rate of 2.5 ml/min for 2 min after the injection. The brain was removed at the end of the experiment, fixed in 10% buffered Formalin® for sev eral days, and then dissected, weighed, and placed in 28 scintillation vials. A Model 9042 Packard Autogamma multichannel scintillation spectrometer was used to mea sure radioactivity. Differential spectroscopy was used to strip the overlap of activity of the four energy windows to obtain a corrected tissue count for each isotope (Hey mann et aI., 1977) . Blood flow was calculated as the product of this corrected tissue count and the arterial reference withdrawal rate divided by the counts in the reference sample and by the weight of the tissue. The CMR02 was calculated using the blood flow to both hemi spheres and the O2 content difference between arterial and sagittal sinus blood.
Experimental protocol
Four measurements of CBF were made per animal: room air control, HH, a second room air control, and COHo Additional measurements of cerebral O2 extraction were made at intermediate levels of hypoxia. In half the animals, the protocol was reversed, with COH preced ing HH.
Each sheep stood quietly in a cart with a large, opaque plastic bag secured over its head. Inspired gas mixtures were passed through the bag at a high flow rate (25-50 Llmin) with the effluent gas vented out of the room through a window. After a 30-min stabilization period, room air control measurements were made. Two to four levels of HH were induced by varying the inspired O2 fraction between 8 and 14%. Isocapnia was maintained by adding 1.5-4.5% CO2 to the inspired gas. The precise level of inspired CO2 for a given inspired level of O2 that was required to maintain isocapnia was quite predictable based on previous experience with awake animals (Koeh ler et aI., 1980 (Koeh ler et aI., , 1982 , with some adjustment made for the animal's particular control Paco2• We found that blood gas samples taken 5 min after changing the inspired gas confirmed a steady-state isocapnia. Cerebral hemody namics and blood gases were measured 10 min after changing the inspired gas mixture. After exposure to one type of hypoxia, approximately 1.5 h was allowed to elapse before making the second room air control mea surement. Carbon monoxide hypoxia was produced by using an inspired gas mixture of 0.1 % CO in air. Carboxy hemoglobin, monitored by a CO-Oximeter (Instrumen tation Laboratories), was gradually increased to -35-55% over -1 h. The inspired CO was diluted with addi tional air several times during the experiment for 5-min periods to attenuate temporarily the increase in carboxy hemoglobin so that measurements could be obtained at a stable level. Microspheres were usually injected at the most severe level of hypoxia. In the animals in which COH was induced before HH, the 90-min recovery from CO included a 60-min period of breathing 100% O2 to lower the carboxyhemoglobin level to below 5%.
Statistical methods
The responses of adult sheep were compared to those previously published for unanesthetized lambs (5-12 days old) which underwent an identical protocol (Koehler et aI., 1982) . In comparing the two types of hypoxia and the responses of the two age groups in terms of CBF and arteriovenous O2 content differences, least-squares anal ysis was performed on the pooled animal data and the 
Values are means ± SE. a p < 0.05.
regression coefficients were compared by Student's t test (Figs. 1-4). Within an age group, analysis of variance with repeated measurements was performed to examine the effects of the two types of hypoxia (Table 1) and to com pare regional CBF responsivity ( Fig. 5 ). Probability values of less than 0.05 were considered significant. Mul tiple comparisons were made by the Waller-Duncan k ratio procedure in which the t value is a smooth function of the F statistic rather than a discrete function as in the former Duncan multiple range test (Waller and Duncan, 1969) . A k ratio of 100 was used, which is analogous to a p value of 0.05.
RESULTS
Comparison of hypoxic and carbon monoxide hypoxia
Mean arterial blood pressure (MAP) increased slightly with HH in the seven adult sheep and re mained unchanged with COH (Table 1 ). The Pa02 was not significantly altered with COH, and Paco2 was maintained relatively constant with both forms of hypoxia. The CBF response to the reduction in Ca02 for both types of hypoxia is shown in Fig. 1 . A least-squares fit of the data against the reciprocal of Ca02 was performed to achieve a linear transfor mation. We had previously found that use of the reciprocal of Ca02 provided a good linear fit in fetal and newborn lambs (Jones et aI., 1978; Koehler et aI., 1982) . The slope of the regression line for the pooled data on adult sheep was significantly greater for COH than for HH (Student ' s t test). Comparison of the slopes on a paired basis in individual sheep also demonstrated a significant difference between
Hypoxic
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HH and COH (Wilcoxon signed rank test). For the pooled data on newborn lambs, we had previously found that the slopes of the regression lines did not differ when the reciprocal of Ca02 was the indepen dent variable, but that the CO response was greater when the reciprocal of oxyhemoglobin saturation was used as the independent variable (Koehler et aI., 1982) . We suggested that interanimal variability in hemoglobin concentration obscured the CO ef fect. Reanalyzing the data for newborn lambs on a paired basis with the Wilcoxon signed rank test, as was done with the data on the adults, confirmed this suggestion. A significantly greater response for a drop in Cao2 occurred with COH in newborns as well as adults.
Cerebral fractional O2 extraction (the arteriove nous O2 content difference divided by Cao2) re mained constant during HH, but decreased signifi cantly during COH in the adult sheep (Fig. 2) . Nei ther CMR02 nor cerebral O2 delivery was sig nificantly changed during HH (Table l) . With COH, cerebral O2 delivery increased 36 ± 12% (±SE) and CMR02 decreased 16 ± 4%. Thus, a small decrease in O2 uptake together with an in crease in O2 delivery contributed to the fall in frac tional O2 extraction with COHo As previously re ported, in newborns during COH, cerebral O2 de- For newborns (solid lines), CBF = 1004 Cao2 -1 -2 (r = 0.93). For adults (dashed line), CBF = 837 Ca02 -1 -2 (r = 0.91). Differences in regression coefficients are not signifi cant. livery also increased and fractional O2 extraction fell (Table O . In contrast to the adult, however, O2 uptake did not decrease. Carbon monoxide hypoxia produces a leftward shift of the oxyhemoglobin dissociation curve for the remaining O2 binding sites on the hemoglobin molecule. In newborn lambs, which had a baseline P50 of 33 ± 1 mm Hg, fractional O2 extraction (E) was linearly correlated with the decrease in P50 during graded COH: E = 0.0084 P50 + 0.30; r = 0.70 (Koehler et aI., 1982) . In adult sheep, which had a baseline P50 of 44 ± 1 mm Hg, a similar cor relation was found: E = 0.0100 P50 + 0.15; r = 0.73.
Comparison of newborn and adult sheep responses to hypoxic hypoxia
Analysis of variance indicated that newborn lambs overall had a higher CMR02 than adult sheep (p < 0.05). However, cerebral O2 delivery was not statistically different between the age groups (p < 0.10). The CBF response to HH is shown in Fig. 3 for newborns and adults. The slopes of the response were also not significantly different. To normalize for differences in CMR02 between the groups, the reciprocal of the arteriovenous O2 content differ ence (CBF/CMR02) is plotted against Cao2 in Fig.  4 . The responses were not statistically distinguish able. Thus, a tendency for a higher CBF response in the 5-to 12-day-old newborn is no longer evident when normalized for differences in CMR02•
Regional cerebral blood flow
The slopes of the blood flow response for 12 brain regions were compared by analysis of variance. The reciprocal of Cao2 was used to linearize the data. Inspection of the responses for different animals re vealed an upward skew in the distribution, and a logarithmic transformation of the slopes was per formed to normalize the data. The mean slopes for each region are plotted on a logarithmic scale in Fig.  5 . The least significant differences for multiple com parisons of regions for each type of hypoxia and age group are also illustrated. There were signifi cant differences among regions for both types of hypoxia and in both age groups. In Ta ble 2, the regions are listed in order from highest to lowest responsivity, and the particular groups of regions which are significantly different are separated by pairs of vertical brackets. In the newborns, regional responses differed for each type of hypoxia (p < 0.02). With HH in the newborns, the brainstem re gions had a significantly greater response than all other regions except for the caudate nucleus, while all cerebral lobes responded significantly less than all other regions. With COH, the difference be tween brain stem responses and those of other re gions was less marked. In the adults, in contrast, there was no significant interactive effect between the type of hypoxia and the pattern of regional re sponse (p < 0.9). Figure 5 shows that there was essentially a parallel shift in the regional response profile with COH in the adults. With both types of hypoxia, the caudate nucleus had a significantly greater response than all other regions and the cer vical spinal cord responded significantly less than all other regions ( Table 2 ). Comparison of the re gional response to HH in newborns and adults by two-way analysis of variance indicated a significant difference in the regional response pattern between the age groups. However, the between-animal ef fects were too large for a multiple comparison test to reveal which particular regions contributed to this difference. The response of the caudate nu cleus, a pure gray matter structure, was not statis tically different in newborns and adults.
DISCUSSION
This study demonstrates that the increase in CBF during acute, isocapnic HH in unanesthetized adult sheep is sufficient to maintain both CMR02 and ce rebral O2 delivery, and thus fractional O2 extrac tion. Maintenance of cerebral O2 delivery during HH has previously been observed in unanesthe tized fetal and neonatal lambs (Jones et aI., 1978 (Jones et aI., , 1981 . Therefore, constant O2 delivery during HH (reciprocal of milliliters of oxygen per 100 ml blood) to achieve linearity. Analysis of variance was performed after taking the logarithm of the slopes, which improved nor mality. Thus, the ordinate is a logarithmic scale. Least sig nificant differences for multiple comparisons of regions within each age and type of hypoxia group are given by the bars on the right, as calculated by the Waller and Duncan (1969) k-ratio procedure. (Points along a profile line sepa rated in height by more than the height of the bars are sig nificantly different.) In adults, COH produced a parallel shift up in the regional profile. In newborns, there was a sig nificant interaction between the type of hypoxia and brain region due to the high responses in brainstem regions during HH relative to the rest of the brain. Spinal cord refers to cervical spinal cord. The piriform lobe includes the hippo campus, olfactory tract, and piriform gyrus.
is characteristic across developmental lines in sheep.
Newborn lambs had a higher CMR02 than adults, in agreement with an earlier study (Rosenberg et aI., 1982) . We were unable to confirm the hypoth esis that there is a corresponding difference in CBF response to hypoxia. The CBF response to HH and O2 delivery tended to be greater in lambs, but this was of only marginal statistical significance (Fig. 3) . On the other hand, the responses of CBF/CMR02 Multiple range test (Waller and Duncan, 1969) was performed within each type of hypoxia and each age group. Each pair of vertical brackets encloses two groups of brain regions which have significantly different responses.
were indistinguishable (Fig. 4) . The conclusions that CBF responses are the same for lambs and adults with different CMR02, and that CBF/CMR02 responses are the same, are mutually exclusive. It is probable that the second conclusion is the correct one. Many more measurements are available for CBF/CMR02• Both age groups regulated cerebral O2 delivery at a level of approximately 1.7 times their respective CMR02 during both normoxia and hypoxia. This value is not unique to the sheep. We have previ ously pointed out that, based on studies of humans and rats, which have dissimilar levels of CMROz, cerebral O2 delivery is regulated during hypoxic and anemic hypoxia at a level approximately twice that of CMR02 (Jones et aI., 1981) . Rosenberg et ai. (1982) found that the CBF re sponse to arterial CO2 was greater in adult sheep than in newborn lambs when normalized for differ ences in CMR02• Maturational effects independent of CMR02 were thought to contribute to an in creased cerebrovascular CO2 reactivity. Our present finding that CBF/CMR02 reactivity to HH is similar in newborn and adult sheep suggests that a developmental increase in cerebrovascular reac tivity may be specific to CO2 and not to a general-J Cereb Blood Flow Metabol, Vol. 4, No. 1, 1984 ized chemical stimulus. However, the reasons for a maturational dissociation in the reactivity to CO2 and hypoxia are not clear.
In contrast to HH, COH produced a greater in crease in CBF, and therefore an increase in cerebral O2 delivery and a decrease in fractional O2 extrac tion in ad u lt sheep. This difference in response had previously been observed in newborn lambs (Koeh ler et aI., 1982) . Thus, an increase in cerebral O2 delivery with COH is not unique to the neonate. In an earlier study on anesthetized dogs, however, the CBF response to COH and HH was not statistically different, although the mean flows tended to be higher with moderate COH (Traystman et ai., 1978) . One likely explanation for the different result of the earlier study is that arterial blood pressure declined during COH in the anesthetized dog, while it was well maintained in the unanesthetized sheep in the present study. Because autoregulation is impaired during severe hypoxia (Haggendal and Johansson, 1965) , a drop in perfusion pressure during COH may have limited the increase in CBF in the dog. Reexamining data from the earlier dog study indi cated that cerebral O2 delivery increased and frac tional O2 extraction decreased during COH. There fore, this earlier study is consistent with the present study on adult sheep. Similar results have been re ported in humans (Paulson et al., 1973) and in the goat (Doblar et a!., 1977) .
In both neonatal and adult sheep the decrease in cerebral fractional O2 extraction with COH was cor related with the leftward shift in the oxyhemoglobin dissociation curve that accompanied carboxyhemo globinemia. Evidence supporting a role for Pso in the CBF response to CO was obtained in previous experiments in which lambs were first exchange transfused with high-Pso donor blood, which re sulted in an increase in cerebral fractional O2 ex traction (Koehler et a!., 1983) . With the induction of COH to return P50 to the pretransfusion level, cerebral O2 delivery and O2 extraction also returned to the pretransfusion levels. Since P50 can affect capillary and tissue P02 independent of Cao2, the position of the oxyhemoglobin curve appears to set the level of cerebral O2 delivery about which CBF is regulated when CP2 is reduced. The results of these earlier studies, along with the present one on HH and COH, are consistent with the existence of a tissue Po2-dependent mechanism controlling the cerebral vasculature in which tissue P02 is a func tion of CMR02, cerebral O2 delivery to the micro circulation, the position of the oxyhemoglobin dis sociation curve, and microcirculatory morphology.
An interesting difference between lambs and adult sheep in their response to COH was that CMR02 remained stable in lambs but fell by 16% in the adult. One possible explanation is that adult sheep may require a lower capillary density at their rather high P50 of 44 mm Hg. A lower capillary den sity in adult sheep would theoretically make tissue P02 more sensitive to the combined effects of low CP2 and Pso accompanying COH. A decrease in CMR02 could then be explained by microregions of tissue in which the P02 is either below the so-called critical P02 or is low enough to enable CO to com pete with O2 for cytochrome oxidase (Chance et al., 1970) . Newborn lambs, on the other hand, are in a sense "acclimatizing" from their fetal state of low CP2 and P50. Thus, the neonatal microcirculatory morphology may be better suited to the low Cao2 and P50 state of COH. This scheme is highly spec ulative without morphometric information on cap illary and neuronal density in developing sheep.
We observed interesting differences in the slopes of the regional blood flow responses in newborns and adults. In adults, regions with high normoxic blood flow such as the caudate nucleus and mid brain showed a large response to hypoxia, whereas lower-flow regions with large white matter tracts, such as the cervical spinal cord, pons, dienceph alon, and piriform lobe, showed a relatively lower response. Other regions were essentially homoge neous in their response. Carbon monoxide hypoxia increased blood flow to a greater extent than HH in all brain regions, but the overall pattern of re gional blood flow was similar for the two types of hypoxia in the adults. MacMillan (1975) produced COH in rats and did not find any gross regional differences, in contrast to the present study. How ever, fewer regions were studied, and the caudate nucleus and midbrain regions, which we found to have large responses, were not individually re ported. In our newborn lambs, unlike adult sheep, the patterns of regional responses were not similar with the two types of hypoxia. Brainstem regions, particularly the medulla, had especially steep re sponses relative to the cerebrum during HH. This observation has also been made in unanesthetized fetal lambs during HH (Peeters et al., 1979) . In the fetal and neonatal lamb, but not in the adult sheep, we found that the brainstem also had a steeper re sponse to arterial CO2 than other regions (Rosenberg et a!., 1982) . A recent study in newborn dogs ob tained results consistent with those in the lamb in that brainstem regions displayed a greater response to HH and to hypercapnia (Cavazzuti and Duffy, 1982) . The most likely explanation in the puppy for the higher brainstem response to both chemical stimuli is that this region has a higher O2 consump tion. Normoxic glucose consumption in vivo (Cav azzuti and Duffy, 1982) and O2 consumption in vitro (Himwich and Fazekus, 1941) are relatively high in the brainstem of the neonatal puppy. This may also be true in the neonatal lamb. However, if this were the only explanation, we would also predict a much steeper response in brainstem regions relative to the rest of the brain during COH as well as HH. Since this was not the case, other factors may be in volved.
In examining developmental influences on the regulation of cerebral O2 delivery, the unanesthe tized fetal lamb has been shown to have a cerebral fractional O2 extraction in the range 0.25-0.45 (J ones et al., 1982) . This is significantly lower than the values observed in the adult sheep (0.50-0.65) over comparable ranges of CaO Z during HH. Be cause CMROz levels are similar in fetal and adult sheep (Jones et aI., 1978; Rosenberg et aI., 1982) , differences in CMR02 cannot explain the higher ce rebral O2 delivery in the fetus. One factor which may contribute to this developmental difference is the position of the oxyhemoglobin dissociation curve. In near-term fetal lambs, P50 is 20 mm Hg or less, and in adult sheep it is approximately 44 mm Hg. The present finding of COH producing a fall in both P 50 and cerebral fractional O2 extraction in the adult and our previous finding that raising Pso in the newborn lamb increases Oz extraction (Koehler et aI., 1983) both suggest that Pso is an important de velopmental factor contributing to differences in the level of Oz delivery regulation. This line of rea soning also suggests that neonatal lambs, with in termediate levels of Pso, have intermediate levels of Oz delivery. However, the response of CBFI CMROz to HH in newborns was the same as in adults. Thus, differences in Pso between newborns and adults were not necessary to explain differences in hy poxic responses. However, the group of lambs studied already had an average Pso of 33 mm Hg. It may simply be that an increase in Pso from 20 to 33 mm Hg in fetal and neonatal lambs has a more pro found effect on cerebral Oz delivery than further increases in Pso to 44 mm Hg in the adult sheep because tissue POz is already relatively high in the latter transition.
In summary, our results show that CBF is regu lated in acute HH in such a way that cerebral Oz delivery is maintained. The level of cerebral Oz de livery in fetal, neonatal, and adult sheep, in turn, appears to be a function of both CMROz and the position of the oxyhemoglobin dissociation curve.
